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INTRODUCTION
Unlike most receptor tyrosine kinases, the antigen receptors on lymphocytes require the action of two distinct sets of unlinked cytoplasmic kinases for full initiation of signaling in response to receptor ligation. B cell receptor (BCR) signaling involves the sequential action of the Src family kinases (SFKs) and the kinase Syk (1) . After receptor stimulation, membrane-associated SFKs phosphorylate immunoreceptor tyrosine-based activation motifs (ITAMs) of the BCR Igα and Igβ chains. Phosphorylation of both tyrosines in an ITAM leads to the stable recruitment of the cytoplasmic kinase Syk through its tandem Src homology 2 (SH2) domains, which relieves autoinhibitory constraints in Syk and thereby enables SFKs to activate Syk by phosphorylation. Together, these kinases activate downstream signaling events by phosphorylating substrate proteins involved in signaling pathways that result in signal amplification and diversification, with consequent B cell responses. SFKs are themselves tightly regulated by an inhibitory tyrosine near their Ctermini and an activation loop tyrosine (2) . The inhibitory tyrosine is reciprocally regulated by the kinase Csk and the receptor-like protein tyrosine phosphatases (PTPs) CD45 and CD148. Phosphorylation of this site favors adoption of a closed, inhibited conformation, whereas phosphorylation of the activation loop tyrosine of the SFKs is required for full enzymatic activity.
Syk family kinases are largely regulated through their localization to doubly phosphorylated ITAMs, to which their tandem SH2 domains bind. In addition, their catalytic activity may be activated by catalytic loop phosphorylation by trans-autophosphorylation or by phosphorylation by SFKs. The mechanism of inhibtion of Syk family kinases is not well understood, but binding to the ITAM is likely to relieve an autoinhibitory constraint (3), as it does for the kinase ζ-associated protein of 70 kilodaltons (ZAP-70) (4-6), and further phosphorylation of Syk at sites between the SH2 domains and the kinase domain likely contribute to its activation. Phosphorylation of these sites is likely mediated by SFKs or by Syk through trans-autophosphorylation (7, 8) .
By analogy to B cells, T cells also require SFKs and a Syk family kinase to initiate TCR signaling. The T cell-specific Syk family kinase ZAP-70 requires CD45-regulated SFK enzymatic activity to initiate downstream signaling upon receptor ligation (2, 9) . Indeed, mice deficient in either CD45 or the T-cell SFKs Lck and Fyn exhibit a block in TCR signaling and, consequently, thymic development (10) (11) (12) (13) (14) . Thus, the antigen receptors of B cells and T cells use two families of kinases to initiate receptor-proximal signaling; however, it is not clear why such a "division of labor" has evolved.
The requirement for the two families of kinases in T cells is more readily apparent. In the case of TCR signaling, the SFK Lck is tightly associated with the CD4 and CD8 coreceptors, and this association is required to ensure that recognition is limited to antigenic peptides bound to protein products of syngeneic alleles of the major histocompatibility complex (MHC) (15) . Unlike T cells, B cells do not require a particular molecular context to respond to antigen. B cells are capable of recognizing antigens that are either "free" or cellbound. Thus, B cells are not constrained by the necessity to enlist a coreceptor or to recognize a peptidic antigen that is MHC-bound. Previous studies suggest that B cells, unlike T cells, can signal independently of SFKs, but that they have an absolute requirement for Syk. Kurosaki and colleagues showed in the chicken DT40 B cell line that Syk is required for an induced increase in calcium (Ca 2+ ) mobilization in response to BCR ligation (16) . By contrast, the SFK Lyn is dispensable for this event, although Ca 2+ entry is markedly delayed in its absence.
Consistent with studies in cell lines, fetal liver chimeras generated from Syk-deficient mice revealed that Syk −/− B lineage cells in the bone marrow arrest very early in development, at the CD43 hi pro-B cell stage (17, 18) . This marks the pre-BCR checkpoint and reveals a dependence on Syk for pre-BCR signaling. Because few naïve B cells that express a BCR containing Igµ heavy chains are present in the bone marrow or periphery of Syk −/− mice, it is challenging to study mature BCR signaling directly in the remaining Syk-deficient cells. However, introduction of a BCR transgene (Tg) specific for the model antigen hen egg lysozyme (IgHEL Tg) revealed that an increase in Ca 2+ signaling cannot be induced in response to BCR stimulation in the absence of Syk (19) .
SFK-deficient mice, in which all three B cell-specific SFKs, Blk, Lyn, and Fyn, have been deleted, appear to phenocopy Syk deficiency (20) . These animals exhibit profound B cell loss at the CD43 − pre-B cell stage of bone marrow development. However, quite unexpectedly, stimulation of such triply-deficient pro-B cells with antibody against Igβ (anti-Igβ) revealed no defect in the phosphorylation of Igα, Igβ, Syk, or various downstream targets, such as phospholipase Cγ2, Vav, and Btk. Activation of the transcription factor nuclear factor κB (NF-κB) is impaired in SFK-deficient, but not Syk-deficient, cells. Similarly, mice deficient in the phosphatases CD45 and CD148, whose B cell SFKs are constitutively hyper-phosphorylated at their inhibitory tyrosine phosphorylation sites and thereby inactivated, exhibit an early block in B cell development (21) . Nevertheless, despite this inactivation of SFKs, some phosphatase-deficient B cells do develop and exhibit a robust but delayed BCR-induced increase in Ca 2+ mobilization and protein tyrosine phosphorylation of downstream substrates. Together, these data suggest that Syk is absolutely required for BCR signaling, but that SFKs appear to be dispensable for most downstream signaling pathways, although a delay in signaling events is observed (16, 22) .
How does BCR signaling remain largely intact in the absence of SFKs in cell lines and mice? Unlike ZAP-70, Syk is capable of directly phosphorylating ITAMs in the apparent absence of SFKs (23, 24) . Moreover, Syk appears to function as a positive allosteric enzyme with increased activity upon binding to phosphorylated tyrosines in ITAMs, thus initiating a positive feedback loop that drives further ITAM phosphorylation (24) . An additional feedback loop is triggered by trans-autophosphorylation of the activation loop tyrosine of Syk (25) . These observations suggest a possible mechanism for SFK-independent BCR signaling through Syk (24) . However, if Syk can signal in response to BCR ligation in the absence of SFKs, albeit in a delayed manner, why do B cells have SFKs ? Clearly, SFK  function can accelerate signaling, but what physiological purpose does this serve, and in  what contexts does this matter? B cells, in contrast to MHC-restricted T cells, have the flexibility to recognize both soluble monomeric and multimeric ligands. The latter induce clustering of multiple BCRs, while the former presumably do not. We have developed a mathematical model of proximal BCR signaling to define the relative contributions of Syk and the SFKs to BCR ligation by monomeric versus multimeric ligands. Our model predicts that although monomeric BCR ligation is heavily dependent on SFK activity, BCR clustering by multimeric ligands frees the cell from a strict dependence on SFKs. Under these circumstances, Syk activity alone is sufficient to trigger signaling, albeit in a delayed manner. We tested this model by evaluating the effects of selective inhibition of SFK and Syk on primary murine B cells in the context of BCR clustering versus monomeric BCR ligation. We confirmed the predictions of our model and showed that minimal assumptions regarding the ability of Syk to produce robust ITAM phosphorylation in the presence of BCR clustering are required, even in the absence of SFKs. Our studies unmasked physiologically relevant circumstances under which SFK function was crucial during BCR signaling. We propose that dual kinasedependence of BCR signaling may have evolved for two reasons: to permit rapid responses upon BCR clustering and to facilitate the increased sensitivity that is needed for the recognition of soluble monomeric ligands by the BCR.
RESULTS

Compensation for the absence of SFKs by the kinase Syk when BCRs are clustered
We constructed a computational model to investigate the role of BCR clustering on ITAM phosphorylation mediated by SFKs and Syk family kinases. The spatially inhomogeneous in silico model explicitly accounts for the diffusion of molecules in the plasma membrane and the cytosol, as well as the stochastic nature of the biochemical reactions that result because of small variations in the copy numbers of signaling molecules. We performed a continuous time Monte Carlo (Gillespie simulation) to solve the Master equation associated with the reaction diffusion events in the signaling network. We modeled the biochemical signaling reactions and spatial movements of molecules occurring at the interface of the B cell plasma membrane and the cytosol. In our simulations, we considered a three-dimensional (3D) region in the B cell that contained a 23-µm 2 area in the plasma membrane and a membraneproximal cytosolic region with a height of 0.044 µm beneath the plasma membrane (Supplementary Materials, section 1 and fig. S1 ). This region was divided into smaller cubic chambers, or subvolume units ( fig. S1 ), in which the time scales associated with diffusion of the molecules are faster than those of the reactions, and consequently, molecules could be considered well mixed in each subvolume unit. The diffusion of the molecules was simulated by the hopping of molecules from a subvolume unit to one of its nearest neighbor subvolumes, which is represented by a first-order chemical reaction occurring at a rate of D/ l 2 , where l is the length of a side of the cubic subvolume, and D is the diffusion coefficient of the diffusing molecule.
In our models, we specifically considered interactions between the BCR and soluble monomeric and dimeric hen egg lysozyme (HEL) antigens. The precise mechanisms underlying BCR triggering in response to interactions with soluble antigens are not wellunderstood (26) . Imaging experiments have been used to study early signaling events in BCR triggering for membrane-bound antigens. Various competing mechanisms have been proposed to explain results from those experiments, including: Cµ4 domain-mediated BCR clustering by surface-bound antigens (27) ; conversion of auto-inhibited BCR clusters into activated monomers or smaller clusters after antigen binding (28) ; and actin-induced organization of BCR clusters leading to ITAM phosphorylation (26) . However, here, we did not aim to investigate different molecular mechanisms of BCR triggering. Rather, we studied the functional consequences of having smaller BCR clusters containing one or two antigen-bound BCRs or having larger clusters with many BCRs. In our model, BCRs interact with stimulatory antigen molecules (Fig. 1) . The monomeric antigens produced signaling-competent monomers of BCR-antigen complexes. We also studied signaling in which ITAM phosphorylation was initiated upon formation of a dimer (BCR-antigen-BCRantigen) of BCR-antigen complexes in which BCRs were stimulated by monomeric antigens to study the role of BCR oligomerization in BCR triggering as proposed by a mechanism such as Cµ4 domain-mediated BCR clustering; but, these did not lead to any qualitative changes to the results (Supplementary Materials, section 2, fig. S2 , showing qualitatively similar results as compared to Fig. 2A and 2B , and movie S1).
In contrast, dimeric antigens were assumed to generate BCR microclusters. We modeled a microcluster by confining signaling-competent, antigen-bound BCRs in a 2.0-µm 2 region (29, 30) . Our models, including dynamically induced clustering of the antigen-bound BCRs into the microclusters, did not produce any qualitative changes in the results other than slowing the BCR activation kinetics (see Supplementary Materials, section 2, fig. S3 , and movies S2 and S3 for details). Therefore, for simplicity, we present results using a preformed BCR microcluster. Dimeric antigens induce clustering of BCRs by cross-linking BCRs in a process by which each epitope binds to one BCR. This could produce BCRs clusters of different sizes (for example, dimers, trimers, etc.). Because the main purpose of our modeling is to investigate how membrane-proximal signaling through SFKs and Syk is influenced by the spatial clustering of ITAMs initiated by multivalent ligands, we did not include explicit multimerization of BCRs. Thus, the coarse-grained model probes the effect of a BCR microcluster generated by dimeric antigens without considering more microscopic details of BCR clustering, that is, the presence of BCR dimers, trimers, or higher-order multimers. This approximation also keeps the models computationally feasible without sacrificing the general features of the models. We briefly describe the signaling reactions and diffusion below.
Each BCR is associated with a pair of ITAMs. Upon binding of BCRs to stimulatory antigens, the tyrosine residues in the ITAMs are phosphorylated by activated forms of SFKs, such as Lyn. When both of the tyrosine residues in an ITAM are phosphorylated, Syk binds to the ITAM through its tandem SH2 domains with a relatively strong affinity (dissociation constant, K d ~ 640 nM) (31) . We have assumed that when the tyrosine residues in ITAMs are bound to the SH2 domains of Syk, they are protected from dephosphorylation by phosphatases. This assumption is supported by later experiments and from published studies with ZAP-70 (32) . Partially phosphorylated ITAMs, in which one of the two tyrosine residues is phosphorylated, recruit Syk with a much weaker affinity (K d ~ 32 µM) (31) . Syk undergoes autophosphorylation at Tyr 348 (Y348) and becomes catalytically active (33) .
We also investigated the role of SFKs in phosphorylating the activation loop of Syk ( fig.  S4 ), which did not change the qualitative features of the results. Therefore, for simplicity, we do not include this signaling event in the model. In addition, we approximated the number of possible ITAM activation states that a BCR can assume to keep the computation within a feasible range (see Supplementary Materials, section 3, and, fig. S5 ). Catalytically active Syk, unlike ZAP-70, can also trans-phosphorylate basally active Syk bound to a neighboring ITAM (33) . This constitutes a positive feedback loop. Moreover, Syk, when bound to an ITAM, can also phosphorylate ITAMs that come in contact with its kinase domain, including ITAMs associated with neighboring BCRs, perhaps brought into proximity by multivalent ligands (24) . This produces a second positive feedback loop, because fully phosphorylated ITAMs will robustly recruit additional Syk molecules, thereby inducing more ITAM phosphorylation. The SH2-containing phosphatase-1 (SHP-1) binds to phosphorylated-ITAMs (pITAMs) or coreceptors (such as CD22) through its tandem SH2 domains. Receptor-bound SHP-1 dephosphorylates pITAMs (34) .
We have a negligible amount of serial triggering of BCRs (a single antigen activating ITAMs associated with multiple BCRs) in our model because of the long half life (~3.3 min) of antigen-BCR complexes (more details in Supplementary Materials, section 4, and fig.  S6 ). This is consistent with experiments that suggest the absence of serial triggering in BCR signaling (35) . We used high-affinity ligands (HEL, K D ~0.02 nM) (36, 37) in experiments that are consistent with the simulations performed with high-affinity ligands that produce very little serial triggering. Serial triggering could potentially play a role in BCR stimulation by lower affinity ligands; however, kinetic proof-reading appears to play a dominant role over serial triggering for B cell activation (38) (39) (40) . We have investigated the sensitivity of our main results for lower-affinity ligands ( Fig. 2 and fig. S7 ). There is very strong evidence supporting the notion that tonic BCR signaling occurs in the absence of added ligand (41) (42) (43) . This might occur through monomeric BCRs or pre-existing microclusters, possibly because of interactions that occur due to some low concentration of antigen. We used firstorder reactions producing low amounts of ITAM phosphorylation and dephosphorylation to represent such tonic signaling. We also performed simulations with a small number of , and tables S1 and S2).
We investigated the effects of spatial BCR microclusters in the in silico model by considering two scenarios. In the first scenario, BCRs form microclusters after antigen binding. In this case, we studied the kinetics when there is a preformed microcluster of BCRs with its multivalent ligands. In the second scenario, BCRs do not form microclusters. We studied the kinetics of ITAM phosphorylation when BCRs are stimulated by strong affinity antigens (with a half-life ~3.3 min). The concentrations of fully phosphorylated ITAMs serve as markers for activation, because the downstream activation of various targets, such as the adaptor protein BLNK, Bruton's tyrosine kinase (Btk), the Rho-family guaninine nucleotide exchanger factor (GEF) Vav, and Ca 2+ influx are dependent on the production of fully phosphorylated ITAMs. When BCRs formed a microcluster, the activation of the ITAMs did not show a large decrease in magnitude in the absence of SFKs ( Fig. 2A) . In contrast, if a microcluster was unable to form, ITAM phosphorylation decreased substantially in the absence of SFKs (Fig. 2B) . These results suggest that Syk can partially compensate for the absence of SFK activity in the presence of receptor clustering. However, the SFKs were not able to restore ITAM phosphorylation in the Syk-deficient system regardless of the nature of spatial clustering of the BCRs (Fig. 2C and D) .
These results can be mechanistically understood in the following way. When Syk molecules are recruited by BCRs in a microcluster, they can phosphorylate the neighboring ITAMs, which in turn can recruit more Syk molecules to the microcluster to stimulate further ITAM phosphorylation. This positive feedback loop in ITAM activation helps the Syk molecules counteract the absence of any SFK activity. However, when BCRs are prevented from forming a microcluster, an ITAM-bound Syk molecule has access to a much smaller number of nearby ITAMs. Therefore, the effect of the positive feedback loop is much reduced in the absence of spatial clustering (Fig. 2B) . In contrast, SFKs are unable to mediate such a positive feedback and consequently cannot restore activation in Syk-deficient systems, which leads to a large decrease in the extent of ITAM phosphorylation irrespective of whether the receptor is clustered (Fig. 2C and 2D ). We note that SFKs can bind to singly phosphorylated ITAMs with a single SH2 domain with a very weak affinity that is about 100-to 1000-times weaker than the binding affinity of the tandem SH2 domains of Syk for fully phosphorylated ITAMs. Therefore, the contribution of SFKs to the phosphorylation of neighboring ITAMs is small, and our calculations showed that including this reaction did not change the results qualitatively (see Supplementary Materials, section 6, and, fig. S9 ).
We next investigated how Syk-mediated positive feedback was influenced by different concentrations of antigens. In the presence of microclusters, the Syk-mediated feedback compensated for the absence of SFKs in activating ITAMs for a wide range of antigen concentrations (Fig. 2E) . In contrast, in the absence of any receptor clustering, Syk-mediated feedback was unable to restore ITAM activation in the absence of any SFK activity over a large range of antigen concentrations. However, at increased antigen concentrations, the Syk-mediated feedback partially restored ITAM activation in the SFK-deficient system (Fig.  2F ). This occurred because at increased antigen concentrations, even in the absence of any receptor clustering, ITAM-bound Syk molecules are likely to engage with and phosphorylate ITAMs associated with nearby BCR-antigen complexes.
We also found that the threshold for ITAM activation in the SFK-deficient system occurred at a slightly increased antigen concentration as compared to that in the wild-type system ( Fig. 2E and 2F ). This change in the threshold of activation in the SFK-deficient system was more substantial in the absence of any spatial clustering (Fig. 2E ). This can be understood in the following way. In the absence of any SFK activity, the first few ITAMs that help to initiate the Syk-induced positive feedback are activated by basally activated Syk molecules, which are less efficient in phosphorylating ITAMs compared to the SFKs; therefore, the amount of antigen required to induce the positive feedback loop in the wild-type system is smaller than that in SFK-deficient systems. Because in the absence of receptor clustering the positive feedback can be effectively employed only at increased antigen concentrations, the threshold for ITAM activation occurs at a much higher antigen concentration in the absence of any SFK activity in this case. The Syk-mediated positive feedback can also give rise to bistability in ITAM phosphorylation for a range of antigen concentrations and reaction rates. The bistability occurs because of nonlinearity in feedback-induced ITAM phosphorylation and enzymatic dephosphorylation of ITAMs (see Supplementary Materials, section 7, and, figs. S10-12 for more details). We also investigated the role of BCR spatial clustering for weaker affinity antigens (k off ~ 0.05s −1 to 0.5s −1 ). For moderate affinity antigens (k off ~0.05 s −1 ), ITAM activation in the absence of SFKs was partially restored by Syk-mediated feedback in the presence of BCR clustering ( Fig. 2G and 2H) . However, for lower affinity ligands (k off~0 .5 s −1 ), in the absence of SFKs, Syk was not able to restore ITAM activation, because the lifetime of the BCR-antigen complex becomes too short to generate ITAM activation through Syk ( fig. S7C and S7D ).
We directly tested the role of positive feedback in ITAM activation mediated by Syk through its ability to phosphorylate neighboring ITAMs. We modified our computational model such that Syk molecules were not allowed to phosphorylate any neighboring ITAMs. We then studied the kinetics of ITAM phosphorylation when either SFK or Syk molecules are removed from the system. In the absence of SFKs, the concentrations of pITAMs decreased substantially both in the presence and absence of any receptor microcluster (Fig.  3A and 3B ). The concentration of pITAMs, even in the wild-type system, was substantially reduced in this modified model compared to that in the original model in which Syk-induced positive feedback was functional. In the modified model, when Syk was not present, ITAM phosphorylation was reduced by a small amount regardless of the degree of spatial clustering of BCRs (Fig. 3C and 3D ). This occurred because ITAM phosphorylation by the SFKs was not affected by spatial clustering. Increasing the antigen concentration increased the amount of ITAM phosphorylation in the modified model in a graded manner; however, overall, the magnitude of ITAM phosphorylation was substantially reduced compared to that in the original model ( Fig. 3E and 3F ). Even at increased concentrations of antigens, the modified model in the absence of any receptor clustering showed a large decrease in activation when SFKs were absent. This is in contrast with the original model in which, at increased antigen concentrations, Syk-mediated positive feedback compensated for the absence of SFKs in the presence of receptor clustering (Fig. 3E and 3F ). To summarize, our in silico simulations predict that in the presence of receptor clustering, Syk substantially compensates for the absence of SFKs and induces ITAM phosphorylation to almost the same extent as occurs when Syk and SFKs are present.
Enzymatic activities of purified recombinant SFK and Syk kinases for ITAM-and LATbased substrates
Much of our understanding of the specificities of SFKs and Syk family kinases for ITAMs is based on genetic mutants or cell-based over-expression systems (24, (47) (48) (49) (50) (51) (52) (53) . Because the interpretation of results obtained in such cellular systems may be compromised by the presence of low amounts of endogenous SFKs, Syk family kinases, or other kinases that might function in ITAM-based or downstream signaling, we studied the substrate specificity of purified recombinant Syk, ZAP-70, and Src proteins. We used a T cell receptor ζ (TCRζ)-derived peptide as the prototypical ITAM substrate, and a peptide derived from the adaptor molecule LAT as the Syk family kinase substrate, because phosphorylation of these peptides is readily detectable in our experimental system. Activated recombinant purified Syk and ZAP-70 proteins phosphorylated LAT with similar Km and Kcat values, whereas purified Src had much less specificity for LAT (Fig. 4) . In contrast, Src had much greater specificity for the in vitro phosphorylation of ITAM tyrosines compared to that of ZAP-70.
Additionally, Syk had intermediate specificity for ITAM phosphorylation. These results support the notion that Syk can phosphorylate ITAMs, not as well as Src, but far better than can ZAP-70.
Experimental tests in cells of the in silico model prediction
To test our computational model in cells, we first examined the relative capacity of ZAP-70 and Syk to phosphorylate ITAMs in the absence or presence of SFK activity when either Syk family kinase was over-expressed in a heterologous cell system. Human embryonic kidney (HEK) 293T cells were transiently transfected with plasmids encoding ZAP-70 or Syk together with a model substrate ITAM, a plasmid encoding the dimeric chimeric CD8ζ chain protein, in the presence or absence of plasmid encoding the SFK Lck. The TCRζ chain contains three ITAMs, and its phosphorylation is readily detected by Western blotting. Consistent with previous studies, we found that Lck alone phosphorylated the ITAMs (Fig.  5A, right panel) . In contrast, and consistent with previous studies, ZAP-70 was unable to phosphorylate these ITAM tyrosine residues in the absence of Lck (Fig. 5A, left panel) . However, TCRζ ITAM phosphorylation was readily detected in the presence of Syk without concomitant over-expression of Lck (Fig. 5A, left panel) , suggesting that Syk was capable of independently phosphorylating these sites. Syk-mediated phosphorylation of ITAMs was dependent on the SH2 domains of Syk, consistent with one of the positive feedback loops discussed in our proposed computational model. To control for the contribution of endogenous SFK activity in the HEK 293T cells, we took advantage of PP2, which is a wellestablished SFK inhibitor with high specificity within the IC 50 range of 4 to 5 nM for SFKs as compared to >100 µM for ZAP-70 (54) . In the presence of PP2, expression of neither Lck nor ZAP-70 led to TCRζ ITAM phosphorylation, but Syk continued to do so (Fig. 5A) . Consistent with previous work, these data demonstrate a critical difference between ZAP-70 and Syk substrate-selectivity with implications for antigen receptor signaling in T and B cells. To confirm that the ITAM phosphorylation mediated by Syk was indeed a result of Syk catalytic activity, we used the Syk inhibitor BAY 61-3606, which is Syk-selective relative to SFKs (55) . Indeed, BAY 61-3606 inhibited Syk-mediated, but not Lck-mediated, phosphorylation of ITAMs (Fig. 5B) . These results suggest that Syk mediates the phosphorylation of ITAMs independently of SFKs, and that its SH2 domains are required for this activity.
Role of SFKs and Syk in BCR signaling in primary mouse B cells
These heterologous expression studies suggested that Syk phosphorylated ITAMs, and they implied that Syk should be sufficient to mediate BCR signaling in primary B cells in the absence of SFKs. However, this is difficult to assess directly because B cell development in Syk-deficient or SFK-deficient mice is severely impaired, with nearly complete blocks at the pre-B bone marrow stage, which precedes expression of the BCR (17, 18, 20) . To circumvent these impairments in B cell development, we first used inhibitors to assess the requirements for SFK and Syk catalytic activity during BCR signaling in primary mature mouse B cells. To directly test the predictions of our model, we took advantage of the SFK inhibitor PP2 and the Syk inhibitor BAY 61-3606 in an ex vivo primary B cell system. We confirmed the relative specificities of these inhibitors by comparing their effects on BCRand TCR-induced increases in cytoplasmic Ca 2+ . B cells have Syk but not ZAP-70, whereas T cells have ZAP-70, but not Syk. Therefore, we would not expect the Syk-specific inhibitor BAY 61-3606 to influence TCR signaling. Indeed, BAY 61-3606 had no effect on TCRinduced Ca 2+ flux, whereas inhibition of SFK activity with PP2 completely abolished TCRinduced Ca 2+ mobilization (Fig. 6A) . In contrast, BCR-induced increases in Ca 2+ flux were sensitive to Syk inhibition, whereas the same concentration of PP2 that blocked TCRinduced Ca 2+ flux delayed, but did not abolish, BCR-induced Ca 2+ signaling (Fig. 6B) . These data are consistent with our model and suggest that Syk has the capacity to phosphorylate ITAMs in the absence of SFK activity, and that it can thereby initiate downstream signal transduction.
Our model predicts that the dependence of BCR signaling upon SFK activity is mostly influenced by BCR clustering (Figs. 2 and 3) , and this could explain the time-dependency of the BCR response in the presence of SFK inhibition; that is, clustering of BCRs in the membrane by multivalent ligands would be expected to be associated with a time delay in response. To test this prediction, we took advantage of the MD4 BCR transgenic system in which primary mouse B cells express a monoclonal BCR that specifically recognizes the model antigen hen egg lysozyme (HEL) (56) . Previously, Kim et al. multimerized soluble HEL (sHEL) by gluteraldehyde-mediated cross-linking (57) . We used monomers of HEL and glutaraldehyde-crosslinked dimers of sHEL to compare BCR signaling under monomeric versus clustering conditions, and we examined the dependency of the BCR responses upon the activities of SFK and Syk to these forms of HEL. As predicted by our model, we found that stimulation of MD4 B cells by monomeric sHEL was sensitive to the inhibition of either Syk or SFK (Fig. 6C) . However, stimulation with dimeric sHEL resembled that with anti-IgM (bivalent antibody-mediated), such that SFK inhibition delayed, but did not completely eliminate, Ca 2+ mobilization (Fig. 6D) . In contrast, inhibition of Syk completely inhibited the response to dimeric sHEL (Fig. 6D) . These data suggest that although the kinase activities of SFKs play a role in both monomeric and multimeric BCR signaling, the former condition is much more sensitive to SFK inhibition.
We extended these observations to B cells with genetically impaired SFK function. Previously, we showed that disruption of two phosphatases, CD45 and CD148, resulted in marked impairment of SFK activity in B cells because of the enhanced phosphorylation of the inhibitory tyrosine and the consequent allosteric inhibition of the SFKs (21) . Deficiency in both CD45 and CD148 results in an early, but incomplete, block in B cell development, which enabled us to study these double knockout (DKO) B cells. Such DKO B cells exhibit an impairment in Ca 2+ mobilization after BCR stimulation (21) . This Ca 2+ response is not completely abolished, but is delayed in a manner reminiscent of that in PP2-treated B cells (15) . We were interested in whether the previously observed residual increased in Ca 2+ mobilization in CD45 and CD148 DKO B cells was attributable to SFK-independent Syk activity. To examine this, we generated mixed bone marrow chimeras containing both DKO (CD45.1−) and wild-type (CD45.1+) B cells. The congenic CD45 markers enabled us to monitor the BCR-induced Ca 2+ response in both the wild-type and DKO cells concurrently. We induced BCR clustering with anti-IgM and observed delayed Ca 2+ flux in DKO B cells, which contrasted with the rapid response that we observed in wild-type B cells (Fig. 7) . As expected, SFK inhibition with PP2 did not further dampen Ca 2+ mobilization in DKO B cells (Fig. 7A) . Instead, we found that inhibition of Syk in DKO B cells with BAY61-3606 completely abolished the delayed Ca 2+ mobilization induced by BCR stimulation (Fig. 7B) . Considering results from both the chemical and genetic perturbation of SFK activity, our experimental data support predictions derived from our model that BCR clustering renders B cells relatively independent of SFK kinase activity but highly dependent on Syk activity. Moreover, our data suggest that SFK activity serves to increase the kinetics and sensitivity of BCR responses to less multivalent ligands.
DISCUSSION
ITAM-coupled receptors in cells of the hematopoietic lineage that recognize model antigen or pathogen-derived antigens use two families of cytoplasmic kinases to initiate signaling through tyrosine phosphorylation pathways. The reason for this division of labor is most apparent in the case of TCR function, that is, to couple SFK (Lck) activity to coreceptorand TCR-mediated recognition of antigenic peptide-bound MHC. Indeed, in the case of T cells, the second kinase ZAP-70 is completely dependent upon SFKs for recruitment to the TCR or activation (48, 50, 51) . However, B cells and other hematopoietic cells also use ITAM-coupled receptors, but the purpose for the division of labor between the two families of kinases is not so apparent. Previous studies and our findings here have shown that Syk can phosphorylate ITAMs and initiate signaling independently of SFKs (24, 52) . What then is the purpose of involving SFKs upstream of Syk? Our modeling studies and experimental work suggest that SFKs serve to increase the sensitivity of the BCR, and likely those of other ITAM-coupled receptors that use Syk, to stimulation by soluble ligands that are less multivalent. This increase in sensitivity has importance in providing protection from pathogens that do not display highly polymeric antigens or ligands.
Although we and others have shown here and elsewhere that Syk phosphorylates ITAMs (23, 24) , based on in vitro kinetic parameters provided herein, it does so less efficiently than do SFKs. Syk appears to depend heavily on the presence of its SH2 domains for ITAM phosphorylation. This may be due to the protection of pITAMs from protein tyrosine phosphatases, as well as the localization and concentration of Syk catalytic function at the tyrosines of nearby ITAMs. As presented in our model, and supported by experimental data, the combination of such non-catalytic Syk function can produce potent positive feedback.
Our modeling studies highlight the role of receptor multimerization in triggering positive feedback loops that serve to drive ITAM phosphorylation and Syk activation even in the absence of SFKs. However, this process remains relatively inefficient in the absence of SFKs and renders BCRs relatively insensitive to soluble monomeric ligands. This was most apparent in our studies comparing monomeric and dimeric sHEL. In the absence of SFK function, no response to monomeric sHEL was detected. There are many pathogens that display oligomeric antigens on their surfaces, such as bacteria and viruses. However, some monomeric pathogen-derived products, such as toxins, may be less capable of triggering B cell responses but responses to these antigens are important in protecting the host. It is likely that such responses will be much more highly dependent on SFK participation in BCR signaling.
Why are SFKs so important? The need for receptor clustering in the absence of SFKs imposes a delay upon the initiation of responses until BCRs can be brought into clusters by multivalent ligands. For weak ligands, dissociation may occur before clustering can occur or signaling is initiated, thereby impairing B cell responses to such ligands. In the presence of SFK function, BCR signaling can be initiated more rapidly and with greater sensitivity to less oligomeric ligands. Thus, SFK function is not absolutely necessary to initiate a BCR response, but primarily serves to increase the sensitivity of the immune system to antigen stimulation, especially to low-affinity interactions and to less oligomeric antigens.
These modeling studies and experimental data have implications for the resistance to pathogens and responses of other hematopoietic cells. Based on our work, we would predict that SFK-deficient or CD45-and CD148-deficient mice have a particularly increased susceptibility to pathogens (or their toxic products) that do not display highly polymeric antigens on their surfaces. We would also predict that other cell types might have alterations in the sensitivities of their ITAM-coupled receptors to activation in the absence of SFK function. For example, SFK-deficient or CD45-and CD148-deficient natural killer cells may be much more resistant to activation as the concentration of activating ligand decreases. Further work will be necessary to explore these predictions.
MATERIALS AND METHODS
Stochastic simulation
We performed a continuous-time Monte Carlo (MC) simulation (Gillespie Method) (58) that solves the Master equation that describes stochastic biochemical reactions associated with the model and diffusive movements of the molecules on the plasma membrane and in the cytosol. We used a simulation box of an area (L × L) of 23 µm 2 , which is roughly equal to 20% of the B cell surface (127 µm 2 ). The height (l=0.044µm) of the simulation box represents the interface between the plasma membrane and the cytosol where the signaling molecules can interact. The entire simulation box is divided into small sub-volume units of size (l 3 , l=0.044 µm) such that the signaling molecules are well mixed in the sub-volume units. The antigens interact with the BCRs above the interface between the plasma membrane and the cytosol within a layer of height (l = 0.044µm). This region is also divided into small sub-volume units of size l 3 . We used the Stochastic Simulation Compiler (SSC) software package (59) to carry out the MC simulations. The codes used for the simulation are available at: http://planetx.nationwidechildrens.org/~jayajit/. Further details regarding the method and the parameters used can be found in the Supplementary Materials, Sections 1 and 2, figs. S1 to S3, table S1 and S2. We also performed a parameter sensitivity analysis of the results shown in Figs. 1 and 2 . The details are provided in tables S3 and S4, and in figs. S13 to S22.
Coupled kinase assay
A continuous pyruvate kinase-coupled assay was performed to measure the kinase activities of the proteins as described previously (60), with minor medications. The ATP concentration was kept at 1 mM in all of the assays. The buffer used contains 10 mM MgCl 2 , 25 mM tris-HCl (pH 7.5), 2 mM sodium orthovandate. The protein concentrations were kept at 1 µM for all three kinases. The reactions were performed in a 96-well plate and were monitored by SpectraMax (Molecular Devices). For substrate titration experiments, the initial reaction velocity (Vo) was measured in triplicate over 10 different substrate concentrations ranging from 50 µM to 3 mM. 
Protein expression and purification
DNA encoding human Syk (amino acid residues 1 to 628) was cloned into pFastBac 1 (Invitrogen) with a Gly-Ser-Gly linker, a PreScission protease site, and a six-histidine tag at its C-terminus. Recombinant bacmid DNA containing the Syk insert was prepared in the Bac-to-Bac expression system (Gibco BRL), and was used to transfect TriEx Sf9 cells. Baculovirus obtained from the transfected cells was used to infect TriEx Sf9 cells grown in suspension. Cells were harvested 48 hours after infection by centrifugation at 1800g and resuspended in phosphate-buffered saline (PBS, Invitrogen). Cells were lysed with a French press and centrifuged at 100,000g for 1 hour to remove cellular debris. The soluble fraction of the lysate was filtered and applied to a 5-ml HisTrap Ni-NTA column (GE Healthcare). The column was then washed with 100 ml of Ni-NTA buffer A containing 20 mM tris, 500 mM NaCl, and 20 mM imidazole. Protein was eluted with a linear imidazole gradient (20 to 500 mM), and the Syk-containing fractions were pooled, buffer-exchanged into PBS, and incubated overnight with PreScission protease at 4°C. The solution was then applied to a HisTrap Ni-NTA column (GE Healthcare) again to remove protease and the cleaved histinetag. The flow through was concentrated to a volume of 3 ml and further purified by Superdex 200 column (GE Healthcare) in a buffer containing 20 mM tris, 400 mM NaCl, and 2 mM TCEP. The Syk-containing fractions were then pooled, concentrated with an Amicon Ultra Centrigugal Filter device (10 kD cutoff, Millipore) to a final concentration of 5 mg/ml, flash frozen by liquid nitrogen, and stored at −80°C. ZAP70 was generated and purified as described previously (5).
Preparation of c-Src protein
DNA encoding chicken c-src (amino acid residues 83 to 534) was cloned into the pProEX HTb expression plasmid (Invitrogen) to generate N-terminally 6-histidine-tagged fusion protein. The hexahistidine-tag was cleavable by PreScission protease. For protein expression, BL21 DE3* (Novagen) cells were transformed with the plasmid and were then grown in Terrific Broth (TB) medium supplemented with ampicillin (50 mg/l) at 37°C. When the culture reached a cell density corresponding to an absorbance of 0.8 at 600 nm, the temperature was reduced to 18°C, and protein production was induced with 1 mM IPTG. After 16 hours, cells were harvested by centrifugation, resuspended in Ni-NTA buffer A, and flash-frozen in liquid nitrogen. After cell lysis by French press and removal of cell debris by centrifugation, clear lysates were loaded onto a HisTrap Ni-NTA column (GE Healthcare), washed by 100 ml of Ni-NTA buffer A. Proteins were eluted on a single step of NiNTA buffer A supplemented with 250 mM imidazole. Proteins were buffer exchanged into storage buffer [25 mM tris-HCl (pH 8.0), 400 mM NaCl], and affinity tags were removed by incubation with the PreScission protease at 4°C overnight. Cleaved proteins were collected in the flow-through during NiNTA affinity chromatography, and were subjected to size-exclusion chromatography on a Superdex 200 column (GE Healthcare) equilibrated in storage buffer. Proteins were concentrated on an AmiconUltra Centrigugal Filter device (10-kD cutoff) to a final concentration of ~30 mg/ml. Protein aliquots were frozen in liquid nitrogen and stored at −80°C.
Preparation of active ZAP-70 and Syk
10 µM purified ZAP-70 or Syk protein was incubated with 500 nM six-histidine-tagged cSrc kinase domain at room temperature for 2 hours in reaction buffer containing 100 mM NaCl, 25 mM tris-HCl (pH 7.5), 2 mM sodium vanadate, 10 mM MgCl 2 , and 1 mM ATP. The reaction was completed within 2 hours. The reaction mix was then loaded onto a 1-ml HisTrap Ni-NTA column (GE Healthcare) to remove the six-histidine-tagged c-Src kinase domain. The flow through containing activated ZAP-70 or Syk was then used for functional studies.
Mice
CD148 tm-/tm− CD45 −/− DKO mice have been described previously (22) , as have IgHEL (MD4) mice (56) . C57BL6 and congenically marked CD45.1 + BoyJ mice were obtained from Jackson Labs. All knockout and transgenic strains were fully backcrossed to the C57BL/6 genetic background. Mice were used for all functional and biochemical experiments at 5 to 9 weeks of age. All mice were housed in a specific pathogen-free facility at University of California San Francisco in accordance with the university's Animal Care Committee and National Institutes of Health guidelines.
Antibodies
Antibodies with the following specificities were used for staining mouse cells: CD4, CD21, CD23, panCD45, CD45R, and CD45.1. Monoclonal antibodies (mAbs) conjugated to FITC, PE, PerCP-Cy5.5, PE-Cy5.5, PE-Cy7, Pacific blue, APC, Alexa 647, or Qdot-605 were purchased from commercial sources (eBiosciences, BD Biosciences, Biolegend, or Invitrogen). The following antibodies were used for the stimulation of lymphocytes: hamster mAb against CD3ε (2C11); goat anti-Armenian hamster IgG(H+L) antibody, and goat antimouse IgM, (Jackson Immunoresearch). The following antibodies were used for Western blotting analysis: anti-phosphotyrosine mAb 4G10 was purchased from Upstate Biotechnology, and mAbs 2F3.2 (anti−ZAP-70), 4D10 (anti-Syk), 1F6 (anti-Lck), and 6B10 (anti-TCRζ) have been described previously (61, 62) .
Stimuli and inhibitors
Monomeric and dimeric forms of HEL (Sigma) were prepared as previously described (57) . PP2 (cat#529573) and the Syk inhibitor IV Bay 61-3606 (cat#574714) (Calbiochem) were used at various concentrations to inhibit SFK and Syk kinase activity, respectively.
HEK 293T cell overexpression system
HEK 293 cells (a kidney epithelial cell line) were transiently transfected with various combinations of plasmids (pDNA3-based, Invitrogen) encoding human Lck, ZAP-70, Syk, SH2-mutated Syk, and CD8ζ as previously described (63) . Immediately after transfection, cells were incubated in medium in the presence or absence of 20 µm PP2 and 1 µM Bay 61-3606 for 12 hours. Cells were lysed on ice in 1% NP40 alternative lysis buffer (50 µl per well of HEK 293 cells), and cellular debris was removed by centrifugation at 15,000g for 15 min at 4°C). Supernatants were diluted in an equal volume of SDS sample buffer and analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting with primary and horseradish peroxidase (HRP)-conjugated secondary antibodies. Proteins were then detected by chemiluminescence (Western Lightning; Perkin-Elmer) on a Kodak Image Station.
Ca 2+ flux assays
Single-cell suspensions of total splenocytes or lymphocytes were loaded with Indo-1 AM (Invitrogen) at a concentration of 10 7 µg per 5×10 cells per ml in "calcium-flux media" (RPMI containing 10 mM Hepes and 5% fetal calf serum (FCS) for 30 min at 37°C in the dark. Cells were subsequently washed and stained with antibodies specific for CD23 and CD4 on the cell surface to identify B cells and T cells, respectively. Cells were resuspended in calcium-flux media at a final concentration of 10 7 cells/ml and then were stimulated at 37°C with various concentrations of BCR-or TCR-specific stimuli in the presence or absence of inhibitors as noted in the figures. Stimuli and inhibitors were added simultaneously as noted by arrows in figures. The ratio of Ca 2+ -bound and -unbound Indo-1 was assessed by flow cytometry (BD LSR-Fortessa). Kinetic analysis was performed with Flowjo v8.8.4 software (Treestar).
Generation of BM chimeras
BM chimeras were generated by the transfer of wild-type and DKO BM into lethally irradiated Ly5.1 recipients at a 1:1 ratio, as previously described (22) . Recipients were sacrificed 6 to 8 weeks later.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Model of membrane-proximal BCR signaling. BCRs bind to antigens and the tyrosine residues in the ITAMs associated with the antigen-bound BCRs are phosphorylated by activated forms of SFKs, such as Lyn (green crescent). Partially phosphorylated ITAMs recruit the basally active kinase Syk (in blue) with low affinity, whereas fully phosphorylated ITAMs bind to Syk with a much higher affinity. When bound to a phosphorylated tyrosine residue, Syk undergoes auto-phosphorylation at its Y348 residue and become catalytically active (in red). Catalytically active Syk, unlike ZAP-70, can also trans-phosphorylate basally active Syk that is bound to a neighboring ITAM, which constitutes a positive feedback mechanism. Moreover, when bound to an ITAM, Syk can also phosphorylate ITAMs that come in contact with its kinase domain, including those ITAMs associated with neighboring BCRs. This produces another positive feedback mechanism. The phosphatase SHP-1 (pink oval) dephosphorylates pITAMs. Bindingunbinding reactions of Src kinase domains with unphosphorylated ITAMs have been used in the model, but are not shown here for the sake of simplicity. Multimeric BCR ligands permit SFK-independent BCR signaling mediated by Syk. (A) Indo-1-loaded primary mouse splenocytes were stimulated with anti-CD3ε antibody (first arrow) followed by cross-linking with anti-armenian hamster antibodies (second arrow) in the presence or absence of inhibitors, and changes in the intracellular free Ca 2+ concentration were detected by flow cytometry. CD4 + cells were gated to identify CD4 + splenic T cells, and the ratio of Ca 2+ -bound to -unbound Indo-1 over time was plotted. (N=5) (B) Indo-1-loaded primary mouse splenocytes were stimulated with anti-IgM (vertical arrow) in the presence or absence of inhibitors, and changes in the intracellular free Ca 2+ concentration were detected by flow cytometry. CD45R + CD23 + CD21 LO cells were gated to identify mature splenic B cells (also known as T2 cells), and the ratio of Ca 2+ -bound tounbound Indo-1 over time (s) was plotted. (N=4) (C and D) Indo-1-loaded primary splenocytes from MD4 mice were stimulated with (C) sHEL monomers or (D) sHEL dimers in the presence or absence of inhibitors, and changes in the intracellular free Ca 2+ concentration were detected by flow cytometry. CD45R + CD23 + CD21 LO cells were gated to identify T2 B cells, and the ratio of Ca 2+ -bound to -unbound Indo-1 over time was plotted. Data are representative of four independent experiments. Syk mediates BCR-induced increases in intracellular free Ca 2+ flux in CD45 and CD148 DKO B cells with genetically impaired SFK function. Lethally irradiated recipient mice were reconstituted with BM from DKO or WT control mice. Indo1-loaded B cells were stimulated with antibody against IgM in the presence or absence of inhibitors, and changes in the intracellular free Ca 2+ concentration over time (s) were detected by flow cytometry. The responses of either WT or DKO-derived B cells were distinguished by analysis of CD45 surface expression. The ratio of Ca 2+ -bound to -unbound Indo-1 over time was plotted. Data are representative of two independent experiments.
